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IDENTIFICATION  AND  INVESTIGATION  OF  HEAT-RESISTANT 
ALLOYS  ON  A  Fe  -  Ni  -  Cr  BASE 
M.  V.  Prldantsev,  E.  I.  Belikova  and  Ye.  G.  Nazarov 
1.  Selection  of  Alloy  Base 

The  present  paper  considers  the  results  of  work  toward  identifi¬ 
cation  of  cheaper  heat-resistant  alloys  that  possess  adequately  high 
hot  strength  at  temperatures  up  to  750°  together  with  satisfactory 
mechanical  and  technological  properties  —  such  as  might  be  used  as 
substitutes  for  similar  alloys  based  on  nickel  as  a  material  for  the 
disks,  wheels  and  blades  of  gas-turbine  engines  operating  at  550-750°. 
In  the  study,  a  time  to  failure  of  no  less  them  100  hours  at  750°  and  a 

p 

stress  of  30  kg/mm  was  taken  as  the  criterion  for  evaluating  hot 
strength. 

.  Analysis  of  the  properties  of  alloys  known  from  the  literature 

and  in  use  abroad  and  in  the  USSR  indicates  that  many  alloys  have 

long-term  strength  either  inferior  to  the  parameter  indicated  or  equal 

or  approximately  equal  to  it  (Table  l).  Thus,  alloys  containing  nickel 

and  cobalt  and  alloyed  with  molybdenum  or  tungsten  (TImkenalloy,  S- 

495,  LCN-155*  Diskalloy,  EI395,  EI434)  have  ultimate  strengths  from  15 

to  20  kg /ram2  after  100  hours  at  750°.  The  widely  used  type  EI437B 

nickel-based  alloy  has  an  ultimate  long-term  strength  (100  hours)  of 
2 

30  kg/mm  ,  and  only  more  heavily  alloyed  nickel  and  nickel-cobalt 
types  possess  higher  hot  strengths. 

In  a  search  for  more  economical  heat-resistant  alloys,  we  smelted 
out  various  alloys  on  the  following  bases:  15/20,  15/25#  15/30,  15/35# 
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1 5/^0,  15/50,  15/60  (chromium  and  nickel  contents,  respectively). 

Preliminary  Investigation  of  the  alloys  Indicated  that  the  alloys 
on  the  15/35  and  15/25  bases  can  guarantee  the  required  hot -strength 
properties  (Table  2).  Here,  the  alloy  with  35#  Ni  has  higher  heat-re¬ 
sistant  properties  than  the  alloys  with  20  and  25$  Ni. 

The  15#  Cr  content  in  the  type  EI787  alloy  Is  necessary  to  insure 
that  the  alloy  will  be  heat-resistant  and  high -temperature  corrosion- 
resistant. 
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1)  Alloy;  2)  basic  chemical  composition,  f(i  3) 
test  temperature,  °C;  4)  ultimate  long-term 
strength  (100  hours),  kg/mm2;  5)  USA;  6)  Tim- 
kenalloy;  [Key  continued  on  page  3] 
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[Key  to  Table  1  continued]:  7)  Diskalloy;  8)  D-979;  9)  INK  0901:  10) 
not  available;  11)  Great  Britain;  12)  Nlmonic;  13)  USSR;  1*0  EI&37  B. 
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Note.  1.  Heat -treatment  conditions:  1200°, 

2.5  hours,  air  +  750°,  16  hours,  air.  2.  0.02- 
0. 03$£  of  B  were  Introduced  Into  the  entire 
melt.  3.  The  long-term-strength  tests  were 
run  at  750°  and  0  *  30  kg/mm2  (for  specimens 
marked  by  the  asterisk,  o  =.20  kg/mm2). 

1)  Alloy  base  [%) ,  Gr-:.'i;  2)  content  of  ele¬ 
ments,  %;  3)  time  to  failure,  hours;  4)  a.  , 

Q  -  U 

kg/mm  at  20  ;  5)  broke  at  fillet;  6)  removed 
unbroken. 

A.M.  Bordzyka  [11]  showed  that  chromium  raises  the  creep  resist¬ 
ance;  here,  the  optimum  content  of  this  metal  is  15-25J6. 

M.V.  Pridantsev  and  G.V.  Estulin  [6]  established  that  the  In¬ 
troduction  of  20J$  of  Cr  into  the  obsolescent  nickel -titanium  alloy 
raises  its  softening  temperature  by  approximately  100°.  This  effect  is 
accounted  for  by  hardening  of  the  solid  solution  by  the  chromium  and 
inhibition  of  diffusion  processes. 
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The  influence  of  chromium  was  checked  in  the  present  study  (with 
contents  up  to  20%), 

The  data  obtained  (Table  3)  indicate  that  alloys  with  15#  Cr  are 
not  inferior  as  regards  hot  strength  to  alloys  containing  20 %  Cr. 

As  follows  from  Table  3*  alloys  with  20%  Cr  have  no  advantages  as 
regards  hot-strength  properties  over  alloys  with  15#  Cr. 
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1)  Melt  No.:  2)  content  of  elements,  #;  3)  B 
(calculated);  4)  heat  treatment:  1200°, 

2.  5  hours ,  air  +  aging  for  16  hours  at  the 
following  temperature,  °C,  in  air;  5)  time  to 
failure,  hours,  at  750°  and  a  «  30  kg/mra2. 


The  mechanical  properties  of  alloys  with  15  and  20#  of  Cr  are 
practically  identical.  Consequently,  the  injection  of  20#  of  Cr  into 
alloys  of  the  type  under  investigation  is  not  advisable;  14-16#  of  Cr 
is  quite  sufficient  to  ensure  adequate  hot  strength  in  the  alloy  (at 
working  temperatures  up  to  800°). 

Thereafter,  we  studied  the  influence  of  elements  that  alloy  and 
harden  the  solid  solution  or  form  an  intermetallic  phase  with  nickel 
(W,  Mo,  Ti,  Al,  B  and  others);  here,  the  optimum  composition  of  the 
iron -nickel -chromium  alloys  and  the  optimum  heat -treatment  conditions 
should  be  selected. 

All  of  the  alloys  investigated  were  dispersion-hardening  due  to 
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the  segregation  of  an  Nl^fTi,  Al)-type  inter-metallic  phase. 

Attempts  to  create  alloys  based  on  iron -nickel -chromium  with 
35#  Ni  that  would  be  hardened  only  by  aluminum  (without  titanium) 
proved  unsuccessful. 

2.  Smelting  and  Forging  Blanks  from  Experimental  Melts 

The  alloys  for  study  were  smelted  by  fusing  the  charge  materials 
together  in  10-,  30-  and  50-kg  high-frequency  furnaces  with  the  basic 
crucible.  * 

The  crucible  was  first  charged  with  FeCr  (PB  iron  or  Armco  iron), 
Ni  (000),  W  (metal)  and  Mo  (metal),  after  partial  fusion  of  which  a 
slag  of  the  following  composition  was  introduced:  20#  MgO,  65#  CaO, 

15#  CaP2  mixed  with  borkal 'k  (33#  CaO  +  67#  A1  powder).  On  fusion,  the 
metal  was  deoxidized  with  an  NiMg  ligature  (containing  15#  Mg)  in  an 
amount  based  on  0.35#  of  Mg  introduced  into  the  melt,  and  then  the 
slag  was  removed.  Cryolite  (Na^AlFg)  was  supplied  to  the  surface  of 
the  molten  metal,  after  which  the  A1  was  fed  into  the  bath  with  the 
power  to  the  furnace  shut  off,  followed  by  FeTl  at  full  furnace  power. 
When  the  FeTi  had  melted,  the  AlBa  ligature  (50#  Ba)  was  added  and  the 
cryolite  was  poured  off.  Cryolite  assists  in  suppressing  the  combus¬ 
tion  of  A1  and  Tlj  the  melts  formed  in  this  manner  were  distinguished 
by  stable  contents  of  Ti  and  Al.  Last  of  all,  FeCe  and  FeB  were  in¬ 
jected  into  the  metallic  bath,  and  the  metal  was  poured  from  the  fur¬ 
nace  after  a  holding  time  of  1-3  min. 

The  temperature  of  the  metal  prior  to  pouring  was  about  1500- 
1550°  for  all  melts,  and  during  decantation  it  was  -  1410-1440°.  Otoe 
ingot  deadheads  were  shrunk  with  iron  thermite  and  the  Ingots  were 
air-cooled.  The  charge  materials  were  subjected  to  spectral  analysis 
for  their  content  of  detrimental  low-melting  impurities  (Pb,  As,  Sb, 
Sn,  B1  and  others),  and  only  the  purest  of  them  were  used  for  the 
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melts. 

Blanks  15-20  mm  In  diameter  were  made  from  the  7-  to  17-kg  Ingots 
by  flat -die  forging.  The  heating  temperature  of  the  alloys  during 
forging  was  1100-1140°. 

Alloys  on  the  15#  Cr,  35$  Ni  base  with  <  3$  Ti,  <  1$  A1  and 
<  k$  W  deform  well  without  creating  any  difficulties  in  forging.  In¬ 
creasing  the  contents  of  the  alloying  and  hardening  elements  makes  de¬ 
formation  more  difficult. 

Tungsten  makes  deformation  difficult;  at  contents  of  10$  in  the 
ingots,  fine  cracks  formed  during  forging.  The  heating  temperature  for 
alloys  with  8-10$  W  must  be  raised  to  1150°. 

Molybdenum  has  approximately  the  same  effect. 

Niobium  in  the  15/35  alloy  -  even  at  a  content  of  1$  —  is  notice¬ 
ably  detrimental  to  the  forgeability  of  the  ingots.  Alloys  of  this 
type  with  1.5$  Nb  deform  satisfactorily. 

The  sharp  drop  in  the  forgeability  of  alloys  containing  niobium 
is  accounted  for  by  the  influence  of  harmful  low-melting  impurities 
(Fb,  Sn,  Sb  etc.),  with  which  the  niobium  ligatures,  ferronioblum  and 
metallic  niobium  are  usually  contaminated. 

Introduction  of  up  to  1.5$  of  V  into  the  15/35  alloy  has  no  es¬ 
sential  influence  on  deformability.  Aluminum  raises  the  resistance  to 
deformation.  Increasing  the  aluminum  content  to  5-7$  with  3$  Ti  and 
3$  W  results  in  a  sharp  deterioration  of  forgeability;  such  ingots 
tear  apart  on  forging.  Raising  the  heating  temperature  does  not  im¬ 
prove  the  deformability  of  such  alloys.  With  0.010$  B,  the  heating 
temperature  may  be  raised  to  1150-1160°;  when  the  boron  content  is  in¬ 
creased  to  0. 02-0.03$  &nd  above,  this  cannot  be  done,  since  the  segre¬ 
gations  of  boride  eutectic  that  appear  along  the  boundaries  and  Joints 
between  the  grains  melt  at  this  temperature. 
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On  introduction  of  up  to  0.02-0. 03#  B  into  the  alloy ,  resistance 
to  deformation  increases  markedly  as  compared  to  that  of  the  boron- 
free  alloys.  Raising  the  boron  content  to  0. 20#  in  the  alloy  having 
the  basic  composition  results  in  a  drop  in  technological  plasticity. 
All  of  the  laboratory -melt  ingots  were  forged  in  the  range  from  1100 
to  900°.  The  forged  blanks  (15-20  mm  in  diameter)  were  cooled  in  air. 

3.  Influence  of  Alloying  Elements 

An  alloy  of  the  following  composition  was  investigated:  0.02- 
0. 0556  C;  0. 1-0.4#  Si;  O.O8-O.256  Mn;  0.006-0.007#  S;  0.004-0.01#  Pj 
14-1656  Cr;  35-3656  Ni;  2-4£  W;  2.8-3- 156  Ti;  0.  7-1. 056  A1  (remainder 
iron). 

We  studied  the  influence  of  secondary  alloying  elements  intro¬ 
duced  in  the  following  quantities  to  reduce  the  iron  content:  O-II56  W; 
O-IO56  Mo;  0— 4j6  Ti;  0-5. 656  Al;  0-0. 2$6  B.  Also  studied  was  the  influence 
exerted  by  niobium,  vanadium,  silicon,  manganese  and  carbon. 

In  investigating  the  influence  (exerted  separately  or  Jointly)  by 
some  of  the  elements,  we  studied  the  capacity  of  the  alloys  for  hot 
deformation,  their  tendency  toward  dispersion  hardening,  and  the  In¬ 
fluence  exerted  on  the  microstructure  and  mechanical  and  heat-resist¬ 
ance  properties.  The  basic  method  for  evaluating  the  heat  resistance 
of  the  experimental  alloys  was  the  long-term  strength  test  at  750° 

p  O 

under  a  stress  of  30  kg/mm  after  hardening  from  1200  (2.5  hours)  In 

air  and  aging  at  750°  for  16  hours  In  air. 

Influence  of  tungsten 

Alloys  based  on  15#  Cr,  35#  Ni,  3#  Ti  and  1#  Al  with  a  variable 
tungsten  content  (2,  3»5#  5-5»  8.5  and  11#),  remainder  iron,  were  In¬ 
vestigated.  Table  4  presents  the  chemical  compositions  of  some  of  the 
alloys  studied.  The  high  contents  of  titanium  and  aluminum  in  the  al¬ 
loys  investigated  made  it  possible  to  evaluate  their  properties  as 
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Note.  The  forgeability  of  all  melts  was  satis¬ 
factory,  except  for  melt  10258,  in  which  fine 
cracks  formed  on  forging. 

1)  Melt  No.:  2)  content  of  elements,  #;  3)  B 
(calculated);  k)  rest;  5)  not  determined;  6) 
trace. 


Pig.  1.  Microstructure  of  type  EI787  alloys  with  various  tung¬ 
sten  contents.  100  x.  Contents  of  tungsten  (from  left  to  right): 
0,  2.8,  5*6,  8.7  and  11.0#.  Treatment:  1180°,  2.5  hours,  air. 


functions  of  tungsten  content. 

According  to  microanalysis  and  hardness  measurements,  there  is 
about  7-8#  of  dissolved  tungsten  in  the  Fe-Ni-Cr  7-solid  solution  of 
the  alloy  studied.  After  cooling  from  1180°  in  air,  the  alloy  with 
8.7#  W  had  a  structure  consisting  of  polyhedra  of  the  y-solld  solution 
(grain-size  rating  1-2)  and  a  very  small  quantity  of  excess  phase  (Fig. 
1).  At  11#  w,  a  large  quantity  of  excess  phase  appears  in  the  structure 
of  the  hardened  alloy  (grain-size  rating  7-8).  The  hardness  of  the 
hardened  alloys  increases  with  increasing  tungsten  content. 
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Tungsten  additives  exert  an  essential  influence  on  the  disper¬ 
sion-hardening  processes  of  the  alloy.  With  increasing  tungsten  con¬ 
tent,  the  hardness  of  the  alloys  after  aging  increases  (Pig.  2).  With 
tungsten  contents  no  smaller  than  5«  5%,  the  high  hardness  is  retained 
after  aging  at  850°  (>  300  HB)  and  even  900°  (>  255  HB).  The  maximum 
on  the  dispersion-hardening  curves  corresponds  to  aging  temperatures 
of  750-800°.  Softening  of  all  alloys  containing  0-11%  W  begins  at 
temperatures  in  excess  of  800°  (Pig.  2). 

On  dissolving  in  the  Pe-Ni-Cr  solid  solution,  the  tungsten  re¬ 
duces  the  solubility  of  titanium  and  aluminum  in  it.  In  this  case,  a 
large  quantity  of  hardened  phase  is  segregated  and,  as  a  result, 
greater  hardening  of  the  alloy  is  attained. 


Fig.  2.  Hardness  of  alloys  with 
various  tungsten  contents  as  a 
function  of  aging  temperature. 

Heat  treatment:  hardening  from 
1200°,  2.5  hours,  air.  1}  Hard¬ 
ness  HB;  2)  aging  temperature,  °C. 

Moreover,  dissolving  in  the  Fe-Nl-Cr  solid  solution,  tungsten  — 
as  in  the  alloys  on  the  Ni-Cr  base  [6]  -  somewhat  retards  diffusion  of 
titanium  and  aluminum  and  inhibits  coagulation  and  solution  of  the  ln- 
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TABIZ  5 


• 

IffM  *>  M*“ 

m 

i  a  MnMWW  (MfkTM  upm  »•* 

.  w 

l  Ptwttott* 

* 

* 

% 

m 

ED 

S3 

1*  •* 
«*/««" 

4  *.  . 

u/u1 

D 

D 

51 

$ 

130 

3.4 

*.7 

118,4 

77.0 

14.8 

35,3 

8.8 

6 

165 

a.3 

“ 

Note:  1.  Heat  treatment:  1150°,  8  hours,  air  + 

+  1050°,  4  hours,  air  +  750°,  16  hours,  air. 

2.  The  long-term  strength  tests  were  run  at 
750°  and  a  ■  30  kg/mm2. 

1)  Time  to  failure;  2)  hours;  3}  mechanical 
properties  at  20°;  4)  kg/mm2;  5 }  kg-m/cm2. 

t-ermetallic  phase;  as  a  result, 

softening  of  the  alloy  is  retarded 

and  its  hlgh-temperature  strength 

Is  Improved. 

Tungsten  raises  the  recrystal¬ 
lization  temperature  of  Fe-Ni-Cr 
alloys. 

After  hardening  from  1200° 

(2.5  hours)  in  air  and  aging  for 
16  hours  at  750°,  the  longest  time 
to  failure  (>  400  hours)  at  750°  and  30  kg/mm2  was  scored  by  an  alloy 
with  3-4#  W  (Fig.  3)*  Under  the  same  test  conditions,  alloys  with  5- 
11#  W  fail  considerably  earlier  (100-50  hours). 

After  hardening  from  a  lower  temperature  (1150°,  8  hours,  air) 
and  aging  (750°,  16  hours,  air),  the  alloy  with  6#  W  (Table  5)  has  the 
highest  hot  strength  at  750°.  Hardening  from  1150°  enables  us  to  ob¬ 
tain  a  finer  grain  (rating  4-5)  in  the  alloy  with  6#  W;  together  with 
the  good  heat -resistance  at  test  temperatures  from  750-800°,  this  en¬ 
sures  higher  plastic  and  toughness  properties. 

Hardening  of  the  alloy  with  introduction  of  higher  tungsten  eon- 


Flg.  3-  Time  to  failure  of 
EI787-type  alloys  with  various 
tungsten  contents:  heat  treat¬ 
ment:  1200°,  2.5  hours,  air  + 

+  750°,  16  hours,  air.  Tests 
at  750°  and  o  =  30  kg/mm2,  l) 
Time  to  failure,  hours;  2) 
tungsten  content,  #. 
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tents  (5-6£)  makes  It  possible  to  raise  heat  resistance  considerably 
for  a  test  temperature  of  800°.  Thus,  the  time  to  failure  of  an  alloy 
with  6#  W  (hardening  from  1180°,  8  hours,  air  +  aging  at  800°,  16  hours, 
air)  at  800°  and  a  •  25  kg/mm2  is  150  hours.  An  alloy  with  2#  W  falls 
after  20-30  hours  under  the  same  test  conditions. 

It  was  established  in  studies  of  laboratory  and  Industrial  melts 
that  after  heat  treatment  (hardening  from  1170°,  4-8  hours,  air  + 

+  1050°,  4  hours,  air  +  aging  at  750-800°,  16  hours,  air),  an  alloy 
with  2-4£  W  ensures  satisfactory  plastic  and  toughness  properties  in 
addition  to  excellent  heat-resistance  at  750°  (Table  6). 

This  alloy  satisfies  a  complex  of  specifications  set  forth  for 
heat-resistant  alloys  to  work  under  stress  at  temperatures  up  tc  750°. 


TABLE  6 


1 

Mwf 

CoasrMJMM  Jwrwpro- 
2  m**  mkwcntob.  % 

>i*m  so 

li 

Mmmrti.  oolnu  apt  *0* 

•aasss 

w 

TI 

At 

pespywe- 

9Kti 

5  "* 

'u/aV 

5% . 

a//sur» 

».  X 

4.  X 

1 6  •» 

ua/o* 

90766 

*.72 

3.03 

«.24 

200 

200 

124.6 

128.8 

90.2 

92.3 

14.0 

17.6 

•5.4 

16.0 

6.0 

6.2 

91974 

2.71 

2.97 

*.23 

no 

200 

118,1 

124,6 

78.6 

78.6 

14.8 

19.6 

21.1 

26,3 

7.5 

6.8 

91997 

2.78 

2.98 

0.88 

no 

200 

126,1 

123,6 

84.0 

84.6 

16,0 

14.8 

•9.1 

•9.1 

4.9 

4.6 

95006 

2.90 

3.05 

1.27 

200 

200 

117,0 

125.2 

80.9 

63.8 

12.0 

14.8 

16.5 

16.9 

6.1 

5.0 

92537 

2.73 

2.84 

1.09 

no 

200 

116,1 

122,1 

80.6 

81.4 

12.4 

•4.2 

17,5 

•9.1 

4.3 

5.3 

77736 

2.50 

3,00 

*.37 

i  132 

132 

121.2 

117,2 

77.1 

72,4 

•5.6 

28.0 

•6.7 

19,0 

6.9 

6.1 

79175 

2.67 

3,07 

1.09 

247 

247 

116,2 

115,0 

67.5 

67.6 

•9.6 

•9.6 

20,6 

20.6 

6.0 

6.6 

Note.  1.  Heat  treatment  of  specimens  of  all 
melts:  1170°,  8  hours,  air  +  1050°,  4  hours, 
air  +  aging  at  750°,  16  hours,  air  (except  for 
melts  77736  and  79175:  1150°,  10  hours,  air  + 

+  1050°,  4  hours,  air  +  aging  at  830°,  16  hours, 
air).  2.  Conditions  of  long-term-strength  test¬ 
ing:  750° »  0  ■  30  kg/mm2,  all  specimens  removed 
without  failure. 

1)  Melt  No.  j  2)  content  of  alloying  elements,  Jfj 
3)  time  to  failure,  hours;  4)  mechanical  prop¬ 
erties  at  20° ;  5)  kg/mm2;  6)  kg -m/ cm2. 
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A  heat -treatment  formula  (hardening  from  1150°,  8  hours,  air  +  1050°, 
U  hours,  air  +  aging  16  hours  at  830°,  air)  that  makes  it  possible  to 
raise  the  plasticity  of  the  material  and  ensure  satisfactory  heat-re¬ 
sistance  properties  (Table  6)  has  been  worked  out  for  special  operat¬ 
ing  conditions  of  products  made  from  heat-resistant  alloys  with  2- 
U%  w. 

A  heat-resistant  alloy  of  the  following  composition  was  selected 
on  the  basis  of  the  results,  for  operation  under  stress  at  tempera¬ 
tures  up  to  750°:  15%  Cr,  35#  Ni,  2-h%  W,  3%  Ti,  and  1%  Al.  The  alloy 
with  5 -6£  W  is  useful  for  operation  at  800°. 

Influence  of  molybdenum 

We  investigated  alloys  with  15%  Cr,  35%  Ni,  3%  Ti,  1%  Al  and  va¬ 
riable  molybdenum  content,  as  follows:  1,  2,  3,  5,  6,  8  and  10%.  The 


TABLE  7 


lng  it  through  50-80°  in  the  zone  of  higher  temperatures.  At  5#  Mo, 
rapid  softening  of  the  alloy  begins  above  85O0.  The  adequate  hardness 
of  the  alloy  with  8#  Mo  is  retained  up  to  900°  (280  HB). 

All  of  the  alloys  investigated  with  1-8#  Mo  harden  on  aging  due 
to  the  segregation  or  decay  of  the  Ni^  (Tl,  Al) -phase  solid  solution. 
Like  tungsten,  molybdenum  in  the  concentrations  investigated  dissolves 
completely  in  the  -y -solid  solution  of  the  alloy,  does  not  enter  the 
hardening  phase,  and  lowers  the  solubility  of  titanium  and  aluminum. 

In  the  alloys  investigated,  high -temperature  strength  increases  with 
Increasing  molybdenum  concentration  up  to  5- C#  (Table  8).  The  heat 
resistance  diminishes  with  higher  molybdenum  contents.  It  is  interest- 


TABLE  8 
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*  Tests  at  750°  and  a  *  30  kg/mm2. 

**  Tests  continue. 

1)  Melt  No.  ;  2)  long-term  strength;  3)  time  to 
failure,*  hours;  4)  kg/mm2;  5}  mechanical 
properties  at  20°;  6)  kg-m/cra2;  7)  hardness 
after  hardening,  HB;  8)  hardness  after  aging, 

HB. 

ing  to  note  that  in  the  Be-NI-Cr-Tl-Al-base  alloys  studied,  injection  of 
3-4#  W  or  3-4#  Mo  gives  the  same  heat  resistance  (Pig.  3  and  Table  8). 
After  heat  treatment  (hardening  from  1170-1180°,  8  hours,  air  +  1050°, 

4  hours,  air  +  aging  at  750°,  16  hours,  air),  the  time  to  failure  at 
750  and  30  kg  per  mm  comes  to  400-420  hours  for  the  alloy  with  3- 
4#  W  and  410  hours  for  the  alloy  with  3-4#  Mo. 
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TABLE  9 
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i.ir 

i.n 

1.69 
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3^08 

369 
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9.6 

3.0 
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133.6 
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78.3 

16.6 
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*4.9 

«.* 

6.6 

Note.  1.  Heat -treatment  conditions:  1150°, 

2. 5  hours,  air  +  1050°,  4  hours,  air  +  aging 
at  750°,  16  hours,  air.  2.  Long-term-strength 
testing  at  750°  and  a  =  30  kg/mm2. 

l)  Melt  No.;  2)  content  of  elements,  £;  3) 
long-term  strength;  4)  time  to  failure,  hours; 

5)  mechanical  properties  at  20 °C;  6)  kg/mm2; 

7)  kg-ra/cm2. 

The  mechanical  properties  of  these  alloys  are  highly  similar.  It 
should  be  noted  that  the  alloys  containing  molybdenum  are  more  se¬ 
verely  oxidized  on  heating  (in  forging  and  heat  treatment)  than  the 
alloys  with  tungsten. 

Thus,  the  alloy  on  the  Fe-Ni-Cr-Ti-Al  base  with  3-4#  Mo  has  no 
property  advantages  over  the  alloy  with  3-4#  W. 

Simultaneous  alloying  with  tungsten  and  molybdenum  has  a  favora¬ 
ble  influence  on  the  properties  of  a  heat-resistant  alloy  of  the  com¬ 
position  studied.  The  advantage  of  Joint  alloying  with  tungsten  (3*) 
and  molybdenum  (2-3$)  come  particularly  strongly  into  evidence  at 
higher  test  temperatures  (+800°),  where  alloys  containing  3#  W  or 
3$  Mo  alone  are  less  resistant  to  softening. 

It  is  characteristic  that  after  hardening  from  1150°,  alloys  con¬ 
taining  combined  additives  of  5-6 #  W  and  Mo  (total)  or  5-6#  of  either 
of  these  elements  show.  In  addition  to  high  heat  resistance  at  750- 
800°,  excellent  short-term  strength  characteristics  (o^,  os),  plas¬ 
ticity  (6,  if)  and  Impact  strength  at  room  (Table  9)  and  elevated  temp¬ 
eratures. 
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Influence  of  niobium  and  vanadium 


Alloys  with  the  following  niobium  contents  were  studied:  0.55# 
1.20  and  1.  57J6  (Table  10).  In  the  quantities  Investigated,  niobium 
hardens  the  solid  solution  considerably,  raising  Its  hardness  and 
strength.  By  reducing  the  solubility  of  titanium  and  aluminum  In  the 
solid  solution,  niobium  inhibits  diffusion  processes. 

As  a  result,  the  heat  resistance  of  the  alloy  is  increased:  the 

n  p 

tine  to  failure  of  the  alloy  without  niobium  at  750°  and  o  =  30  kg/mm 


TABLE  10 
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8693 

0.94 

2,90 

3.00 

- 

0.03 

0.015 

114.4 

74.1 

20.0 

19,0 

0-12 

— 

8695 

0,91 

2,94 

2.40 

0.03 

113.3 

85,5 

9.1s 

11.0 

3.65 

3.4 

0.017 

102S9 

0.84 

2.80 

2.67 

1.20 

0.03 

0.025 

120.2 

118.7 

91.8 

90,2 

9.3 

9.3 

13.7 

13.0 

1.7 

2.4 

3.3 

10360 

0.79 

2,83 

2.45 

1  1 

1.57 

0.03 

U.025 

116.6 

121,2 

94.6 

90,1 

5.7 

9.3 

7.4 

13,0 

1.75 

1.6 

3.3 

Note.  Heat  treatment:  1200°,  2.5  hours,  air  + 

+  750°,  16  hours,  air. 

1)  Melt  No.;  2)  content  of  elements,  4>;  3)  me¬ 
chanical  properties  at  20°;  4)  kg/mm2;  5) 
kg-m/cm2;  6)  hardness  dQtp#  mm. 

is  300-400  hours,  while  that  of  the  alloy  with  0. 55#  Nb  is  450- 
670  hours. 

The  strength  properties,  and  the  yield  point  in  particular,  rise 
with  increasing  niobium  content  (Table  10). 

Thus,  the  alloy  without  niobium  has  a  yield  point  at  20°  of 
74.1  kg/mm2,  while  the  alloy  with  1.6$f  Nb  has  94.6  kg/mm2.  Alloys 
dosed  with  niobium  in  the  quantities  indicated  acquire  the  highest 
heat  resistance  after  the  three-stage  heat -treatment  formula. 
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Also  Investigated  was  the  Influence  of  vanadium  (up  to  2#)  on  the 
hot-strength  and  mechanical  properties  of  an  alloy  based  on  1 5j8  Cr  and 
35#  Ni  with  3#  Ti,  3#  W  and  1#  Al. 

Addition  of  0. 5-0*  7#  V  has  no  influence  on  long-term  strength. 
Raising  the  vanadium  content  to  1.2#  Increases  the  heat -resistance 
properties  (Table  11),  and  simultaneously  raises  somewhat  the  long¬ 
term  plasticity  characteristics.  The  mechanical  properties  and  Impact 
strength  sfiow  virtually  no  change  (Table  11). 

A  further  Increase  In  vanadium  content  to  2#  results  in  a  drop  in 
long-term  strength. 

Influence  of  titanium 

We  investigated  alloys  with  1558  Cr,  35#  Ni,  3#  W,  1#  Al  and  vari¬ 
able  titanium  contents:  1.0,  2,  3  and  4#. 


TABLE  11 


Note.  1.  Heat -treatment  conditions:  1200°, 

2.3  hours,  air  +  aging  at  750°,  16  hours,  air. 
2.  Long -term-strength  testing  at  750°  and  a  » 
■  30  kg/mnr. 

l)  Melt  No. ;  2)  content  of  elements;  3)  long¬ 
term  strength;  4)  time  to  failure,  hours;  5) 
mechanical  properties  at  20°;  6)  kg/ram2;  7) 
kg-m/cm2. 


Titanium  possesses  a  relatively  low  solubility  in  the  Fe-Nl-Cr-W 
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TABLE  12 


1)  Melt  No.;  2)  content  of  elements,  3)  B, 
calculated;  4)  remainder;  5)  not  determined; 
x)  traces. 


Fig.  4.  Hardness  of  alloys 
with  various  titanium  con¬ 
tents  as  a  function  of  ag¬ 
ing  temperature.  Heat 
treatment:  hardening  from 
1200°,  2.5  hours,  air.  1) 
Hardness  HB;  2)  aging 
temperature,  °C;  3)  after 
hardening. 


solid  solution  and  participates  di¬ 
rectly  in  the  dispersion-hardening 
process  by  formation  of  intermetallic 
compounds  of  the  Hi^Ti,  Al)  type  with 
the  nickel  and  aluminum.  The  hardening 
Ni^Ti,  Al)  phase  has  a  face-centered 
cubic  lattice  similar  to  that  of  the  y - 
solid  solution.  According  to  hardness 
measurements,  the  solubility  of  titan¬ 
ium  in  the  alloy  base  under  considera¬ 
tion  (with  1 %  Al)  is  about  1. 5$6  at 
800°.  With  >  1. 5#  Ti,  the  alloys  become 
dispersion-hardening. 

An  increase  in  the  titanium  con¬ 
tent  results  in  a  considerable  Increase 


in  the  hardness  of  the  alloy  (Fig.  4)  in  the  hardened  state  and  after 
aging. 

After  aging  at  750-800°,  the  alloy  with  2. 2#  Ti  has  a  hardness  of 


290  HB;  the  alloy  with  3*  0%  Ti  shows  320  HB,  and  the  alloy  with  k%  Ti 
has  360  HB.  However,  increasing  the  titanium  content  does  not  raise 
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the  softening  temperature.  In  all  cases,  the  hardness  maximum  after 
aging  corresponds  to  750-800° ;  on  heating  above  these  temperatures, 
the  hardness  begins  to  drop  off  as  a  result  of  coagulation  of  the 
hardening -phase  particles. 

The  long-term  strength  of  the  alloys  Increases  with  Increasing 
concentration  of  titanium  only  up  to  3-3* 2#  Ti  (Pig.  5)*  and  declines 
on  further  Increases  in  its  content. 

At  high  titanium  contents  (>  3.5#),  the  plasticity  and  toughness 
of  the  alloys  diminish  considerably  as  a  result  of  the  appearance  of 
coarse  excess-phase  segregations  in  the  structure  after  aging.  The 
strength  characteristics  of  Fe-Ni-Cr-W-Al  alloys  Increase  with  in¬ 
creasing  titanium  content  in  short-term  testing  (c^,  a )  (Table  13). 

The  experimental  data  obtained  indicate  that  in  the  Fe-Ni-Cr-W-Al- 
based  dispersion-hardening  alloys  studied,  the  optimum  titanium  con¬ 
tent,  which  guarantees  the  required  level  of  heat-resistance  (at  700- 
750°)  and  mechanical  properties,  is  2. 7-3. 2j£. 


TABUS  13 


X  IMMU 

TI.  % 

B 

*  * 

8157 

1.15 

8.2 

81.3 

44.1 

19.8 

24.5 

7.5 

8158 

1.89 

3.9 

86.1 

43.5 

34.2 

35.0 

6.4 

10X6 

3.21 

3.8 

82.7 

64.1 

5.5 

11.7 

2.0 

*a 

8.15 

3.4 

$ 

ice.  i 

79.9 

8.5 

11.6 

3.4 

Note.  Mechanical  properties  after  heat  treat¬ 
ment  by  the  formula:  1200°,  2.5  hours,  air  + 

+  750°,  16  hours,  air. 


1)  Melt  No.  j 
4)  kg-m/cm2. 


2)  hardness  dotp,  mm;  3)  kg/mm2; 


Influence  of  aluminum 

We  investigated  alloys  with  15#  Cr,  35$6  Ni,  3f6  W,  Ti  and  a  va¬ 
riable  aluminum  content:  0. 5*  1*0,  1.5,  2. 5,  3*0,  4  and  5-5J&  The  chem¬ 
ical  compositions  of  the  experimental  alloys  with  aluminum  are  listed 
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in  Table  14 


Changing  the  aluminum  content  has 
a  considerable  Influence  on  the  alloy's 
properties.  Increasing  the  quantity  of 
aluminum  results  in  an  Increase  In  the 
alloy's  hardness  in  the  hardened  and 
aged  states  (Pig.  6).  Aluminum  raises 
the  softening  temperature  of  the  alloy. 
With  1. 6#  A1 ,  high  hardness  is  retained 
after  aging  at  850  and  even  900°  (260 
HB). 


-J— 

ttCMf 

■AIMS 

2  CajKpau.ar  mthctm.  % 

c 

I7 

Ma 

Cr 

M 

ft 

w 

Al 

Tl 

«P^. 

c* 

s 

P 

6-4034 

5-7255 

8-1529 

5- 3299 

6- 4037 
6-4036 
5-4039 
3300 
4042 
1858 
6294 
9278 
9277 
6296 
9276 
7201 

0.02s 

0.C3 

0.04 

0.C4 

0,037 

O.C33 

0,03 

0.04 

0.05 

0,05 

0,03 

0.03 

0.02 

0,02 

0,(3 

0,02 

0.40 

0.22 

0.10 

0,16 

0.37 

0.38 

0.32 

0.15 

0.35 

0.16 

0.15 

0.21 

0.27 

0.211 

0.28 

0,25 

0.C6  15.70  35.82 
0.09  15.77  35.15 
0.73  14,59  35. 93 
0.C8  15.63  35,28 
0.16,1 5, 7u, 33,69 
0.C8  15.72,35.62 
0.7615.9-  |T6. 21 
0.03;i3. 50  35.22 
0,0613.45  36, 21 
0.14  12.8235.84 
0.IC|I3. 10  33.23 
0.18  13,50  35,00 
0. 17113. 46'35.45 
0,10  13.25  35,16 
0.19  13.04  35,45 
0. 12jl3.3uj35.59 

V 

» 

• 

» 

i 

: 

i.aJ  ~ 

2.02'  0.40 

1 .93, 0.85 

2.0ij]  1.60 

1 .971  2.C8 
1.88  2.67 
1.8  V  3.29 
3.18  1.70 
3.012.00 
4.26  2.25 
3,4'ii  2.43 
3.013.27 
3.24  3.5i» 
3.5513.83 
3. 16, 4. fix 
3.3lj  5.65 

2.03 

2.87 

3.01 

3.0u 

3.CS, 

3.03 

2.S5 

2.92 

3.05 

3.38 

2.67 

2.8& 

2.94 

2.73 

2.96 

2.87 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

o.r3 

0.04 

0,03 

0.03 

O.03 

0.03 

0,03 

0.03 

0.03 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0,02 

0.02 

0.02 

0.02 

0.62 

0.02 

0.005 

0.0C6 

0.007 

0.010 

0.006 

0.007 

0.016 

0.009 

0.0C6 

0.0C6 

O.d-5 

0.005 

0.005 

0.005 

0.005 

0.005 

H?o. 

9  9 

0.004 
H.  Ol 

•  » 

»  » 

•  » 

•  » 

•  9 

9  9 

9  .  • 

•  ’  • 
t  9 

9  9 

9  9 

9  9 

1)  Melt  No.:  2)  content  of  elements,  $6;  3)  B 
(calculated) ;  k)  remainder;  5)  not  determined. 


Forming  an  intennetallic  phase  with  nickel  and  titanium,  aluminum 
contributes  to  most  rapid  and  complete  unfolding  of  the  aging  processes 
in  the  alloy. 

According  to  the  data  of  phase  chemical  analysis,*  the  quantity 
of  the  lnterroetalllc  phase  Ni3(Ti,  Al)  that  segregates  during  aging 
Increases  with  increasing  concentration  of  aluminum  in  the  alloy.  Xt 


Pig.  5.  Time  to  failure  of 
alloy  of  EI787  type  with 
various  titanium  contents. 
Heat  treatment:  1200  , 

2.5  hours,  air  +  750°, 

16  hours,  air.  Testing  at 
750°  and  a  *  30  kg/mm*.  l) 
Time  to  failure,  hours;  2) 
titanium  content,  %. 


TABLE  14 


19  - 


is  characteristic  that  as  the  amount  of  aluminum  introduced  into  the 
alloy  Increases,  its  concentration  in  the  metallic  deposits  also  in¬ 
creases;  here,  the  content  of  titanium  in  the  deposits  declines  (Pig. 
7).  Replacing  titanium  atoms  in  the  crystal  lattice  of  the  intermetal- 
lic  compound  Ni^Ti,  Al),  the  aluminum  raises  its  thermal  stability, 
shifting  softening  of  the  alloy  toward  higher  temperatures.  Herein 
lies  the  chief  reason  for  the  considerable  increase  in  heat -resistance 
shown  by  the  alloy  as  the  aluminum  content  is  raised  to  2. 5-2. 8#.  On 
introduction  of  3 #  Al,  the  heat -resistance  properties  of  the  alloy  de¬ 
teriorate  sharply  due  to  segregation  of  a  large  quantity  of  excess 
phase.  The  microstructure  of  alloys  containing  3- 5#  Al  is  clearly  two- 
phased  in  nature  (Fig.  8).  The  coagulated  particles  of  the  excess 
phase  are  arranged  along  the  grain  boundaries  and  inside  the  grains. 

There  is  even  more  excess  phase  (Fig.  8)  in  the  structure  of  the 
alloy  with  5#  Al.  The  highest  heat  resistance  after  heat  treatment 
(hardening  from  1200°,  2  hours,  air  +  1050°,  4  hours,  air  +  aging  at 
800°,  16  hours,  air)  is  shown  by  the  alloy  with  2. 5-2. 8#  Al.  The  time 
to  failure  at  800°  and  o  =  25  kg/mm2  is  400  hours  (Fig.  9).  The  struc¬ 
ture  of  the  alloy  with  2.5#  Al  consists  of  polyhedra  of  the  7-solid 
solution  (grain-size  rating  1-2),  dispersed  intermetalllc -phase  segre¬ 
gations  (visible  under  the  electron  microscope  at  9000  x)  and  a  small 
quantity  of  carbides  and  nitrides  of  titanium.  Alloys'  containing  more 
than  3#  Al  have  low  heat  resistance:  at  800°  and  0  *  25  kg /mm2,  the 
time  to  failure  is  60  hours.  In  selecting  the  composition  of  an  alloy 
for  a  specific  application,  it  is  necessary  to  take  into  account  the 
entire  ensemble  of  its  properties.  Including  its  adaptability  to  tech¬ 
nology.  From  this  standpoint,  the  technological,  heat -resistance  and 
mechanical  properties  of  the  alloy  with  0. 8-1.2#  Al  satisfy  require¬ 
ments  for  operation  at  700-750°  under  stress. 
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In  these  alloys,  the  time  to  failure  at  750° 


and  o  -  30  kg/mm* 


Is 


over  100  hours. 


Pig.  6.  Hardness  of  alloys 
with  various  aluminum  contents 
as  a  function  of  aging  temper¬ 
ature.  1)  Hardness  HB;  2)  ag¬ 
ing  temperature,  °C;  3)  l after 
hardening]. 


V. 
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Pig.  7.  Amount  of  deposit 
and  contents  of  aluminum 
and  titanium  in  deposit  as 
functions  of  aluminum  con¬ 
tent.  Heat  treatment:  hard¬ 
ening  from  1200°,  2.5  hours, 
cooling  with  furnace  at  a 
rate  of  l80°C/hour  to  600°, 
then  cooling  in  air.  1) 
Content  of  deposit,  &  A1 
and  T1  in  Ni^Ti,  Al)  phase, 

atom-{Gj  2)  content  of  de¬ 
posit;  3)  Al  in  deposit;  4) 
T1  in  deposit;  5)  content  of 
aluminum  in  alloy, 


Pig.  8.  Microstructure 
of  type  EI787  alloys 
with  variable  aluminum 
content.  600  x.  Heat 
treatment:  1200°, 

2.5  hours,  air  +  1050°, 
4  hours,  air  +  300°, 

16  hours,  air. 
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Fig.  9.  Time  to  fail¬ 
ure  of  type  EI787  al¬ 
loy  with  various  alum¬ 
inum  contents:  1)  Heat 
treatment:  1200°,  Q 
2.5  hours,  air  +  750  , 
16  hours,  air.  Testing 
at  7500  and  c  - 
*=  30  kg/mm2 ;  2)  heat 
treatment:  1200°, 

2  hours,  air  +  1050°, 

4  hours,  air  +  800°, 

16  hours,  air.  Testing 
at  800°  and  a  • 

=  25  kg/mm2.  A)  Time 
to  failure,  hours;  B) 
aluminum  content,  #. 


Alloys  containing  1. 7-2. 5#  A1  have 
higher  heat  resistance  and  can  be  used 
under  stress  at  800°.  In  the  alloy  with 
2.5 #  A1  (hardening  from  1200°,  2.5  hours, 
air  +  1050°,  4  hours,  air  +  aging  at  750°, 
16  hours,  air),  the  time  to  failure  at 
750°  and  0=30  kg/mm2  is  over  1500  hours, 
while  it  is  100-200  hours  at  800°  and 
25  kg/mm2. 

In  short-term  tests,  the  strength 
characteristics  (o^,  ag)  change  little  as 
the  content  of  aluminum  in  the  alloy  is 
increased  from  1  to  3 #• 

The  plastic  properties  (6,  t)  and  im¬ 
pact  strength  decline  with  increasing 
aluminum  content  in  the  alloy.  With  >  3# 
Al,  the  alloy  becomes  brittle  (Table  15). 


TABLE  15 


M.  % 

[  2  Mtwnwii*  cmIctm  mpm  JO* 

3 

•f,  K4/MMW 

3 

•r  **/**• 

*.X 

♦.  % 

4 

Ul/M* 

77304 

1.00 

118.7 

79,6 

19,0 

18.2 

5.7 

23j8 

3.10 

111.6 

86,2 

7,6 

8.9 

3.0 

2309 

6.0 

123,3 

5.7 

6.8 

0.0 

1  • 

Note.  Heat  treatment:  1180°,  4  hours,  air  + 

+  IO500,  4  hours,  air  +  750°/  16  hours,  air. 

1)  Melt  No. :  2)  mechanical  properties  at  20°; 

3)  kg/mm2;  4)  kg-m/cm2. 

Consequently,  alloys  with  15#  Cr,  35#  Ni,  3#  W,  3#  Ti  and  <2*5# 
Al  may  find  practical  application* 

Experiments  conducted  with  the  object  of  hardening  an  alloy  on 
the  Fe-Ni-Cr-W  Base  by  segregation  of  a  Ni^Al-type  intermetalllc  phase 
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TABLE  16 


«S 

SES2 

hi 

4.1 

!• 

1113 

JUtUMWn 

i  min 

—  mpm  : 

!*• 

.6 

6 

•f. 

s 

B 

r 

Al 

n 

6399 

m 

3.57 

5.3 

5.3 

SM 

33.4 

39.3 

43.2 

»•.» 

63U0 

4,60 

3.33 

4.5 

3.5 

ice.  ft 

64.9 

31.2 

31.0 

Ill 

6301 

6,  SO 

3.32 

3.6 

3.5 

nr.,7 

76.5 

32.0 

33.6 

6661 

9,15 

3,90 

3.6 

3.4 

112,0 

75.7 

6.2 

6.6 

6.6 

6663 

12,3 

3.50 

3.0 

3.0 

— 

*■“ 

mm 

Note.  Heat  treatment:  1200°,  2.5  hours,  air 
(except  for  melt  662:  1200°,  2.5  hours,  air  + 

+  1050°,  4  hours,  air).  Aging  at  800°, 

16  hours,  air. 

1)  Melt  No.;  2)  content  of  elements,  #;  3) 
hardness  after  hardening,  dQ  ,  mm;  4)  hard¬ 
ness  after  aging,  d  mm;  5;  mechanical 

Otp  A  A 

properties  at  20  ;  6)  kg/mm  ;  7)  kg-m/cm  . 

on  decay  of  the  y-solld  solution  did  not  give  positive  results. 

Alloys  with  15#  Cr,  35#  Nl,  3#  W  and  variable  (2  to  12,^)  alum¬ 
inum  were  smelted  out  for  the  Investigation.  In  this  series  of  titan¬ 
ium-free  alloys,  aluminum  Is  detrimental  to  forgeability  when  Its  con¬ 
centration  Is  Increased  above  9#.  Alloys  containing  less  than  9#  A1 
forged  quite  satisfactorily,  while  alloys  with  12#  A1  fractured  on 
undergoing  deformation. 

In  Pe-Nl-Cr-W  alloys  of  the  composition  studied,  aluminum  in¬ 
creases  hardness  In  the  hardened  state  as  its  concentration  is  In¬ 
creased.  The  alloy  with  2.95#  Al  has  a  hardness  of  131  HB  after  hard¬ 
ening  from  1200°  In  air;  when  the  A1  content  was  raised  to  12#,  the 
hardness  rose  to  415  HB. 

A  tendency  to  dlsperslon-harden  on  aging  appears  in  alloys  con¬ 
taining  more  than  4#  Al.  An  alloy  with  2. 95#  A1  did  not  harden  on  aging 
(Table  16).  The  alloy  with  4.8#  Al  (302  HB)  underwent  considerable 
hardening  during  aging  (800°,  16  hours,  air)  after  hardening  from  1200° 
(179  HB);  this  alloy  has  a  two -phased  structure.  The' solubility  of 
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aluminum  at  800°  In  an  alloy  with  15£  Cr,  35#  Mi,  yf>  W,  remainder  Pe 
Is  apparently  3»5-4»Oj£. 

Hardening  takes  place  on  aging  (800°)  of  an  alloy  that  has  been 
hardened  from  1200°  with  aluminum  contents  below  A1  (Table  16). 

With  12 %  Al,  the  solid  solution  of  the  alloy  Is  so  oversaturated  that 
decay  goes  to  completion  (415  HB)  on  cooling  In  air  from  1200°.  Sub¬ 
sequent  aging  of  this  alloy  at  800°  results  In  no  further  hardening. 
The  structure  of  such  an  alloy  consists  of  the  y-solld  solution  and  a 
large  quantity  of  second-phase  particles.  In  this  state,  the  alloy  Is 
nonmagnetic. 

The  short-term  strength  characteristics  (a.  ,  a  )  rise  with  in- 

'  b'  s 

creasing  aluminum  concentration  in  the  alloy  up  to  6.  5#  and  show  vir¬ 
tually  no  change  thereafter.  The  plastic  properties  (6,  f)  and  Impact 
strength  drop  sharply  with  increasing  aluminum  content.  After  full 
heat -treatment,  the  nonhardening  single-phase  alloy  with  2.  95£  Al  has 

O  A 

the  lowest  strength  (a  =  50  kg/mm  ,  cg  =  23  kg/mm  )  and  the  highest 

p 

plasticity  and  toughness  (6  «  3856,  a^  =  18  kg-m/cm  ). 

In  the  dispersion-hardening  alloy  with  6.  5#  Al,  the  strength 
characteristics  are  improved  by  a  factor  of  2  (a  *  116  kg/mm2;  0  « 

p 

=  73  kg/mm  ),  while  the  plastic  properties  (6,  V)  drop  by  half  (6  « 

=  22 %,  f  =  2256).  The  impact  strength  drops  to  1.6  kg-m/cm2. 

In  the  alloy  with  Al,  the  plastic  properties  and  the  impact 
strength  show  very  low  levels  (6  =  6£,  V  =  7#,  ak  «  0. 5  kg-m/cm2)  as  a 
result  of  the  large  quantity  of  excess  phase. 

Exceedingly  low  heat  resistance  Is  characteristic  for  this  group 
of  alloys. 

After  hardening  from  1200°  and  aging  at  800°,  the  time  to  failure 
at  750°  and  0  «  30  kg/mm2  is  no  longer  than  8  hours  for  all  of  the  al¬ 
loys  containing  3-9#  Al. 
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Here,  the  residual-plasticity  characteristics  attain  significant 
magnitudes:  $  ■  38-43 #»  t  m  48-84#.  As  regards  absolute  magnitude,  6 
and  f  increase  in  dispersion-hardening  alloys  with  aluminum  as  the 
aluminum  content  is  raised  to  6.  5#  and  thereafter  show  virtually  no 
change. 

Hence  alloys  of  the  group  studied  -  on  the  Fe-Ni-Cr-W  base  with 
an  aluminum  content  —  are  not  used  in  practice. 

Influence  of  boron 

We  studied  the  influence  of  boron  on  the  microstructure  and  prop¬ 
erties  of  alloys  containing  15#  Cr,  35#  Hi,  3#  W,  3#  Ti,  1#  A1  and 
boron  additives  as  follows:  0.01,  0.02,  0.03,  0.05,  0.07,  0. 08,  0.10, 
0.15  and  0.20#.  The  closely  similar  contents  of  the  basic  alloying 
elements  (W,  Ti  and  Al)  in  the  melts  studied  made  possible  reliable 
evaluation  of  the  influence  of  boron  on  the  properties  of  heat-resist¬ 
ant  alloys  based  on  Fe-Ni-Cr.  The  resulting  alloys  with  variable  boron 
concentrations  are  listed  in  Table  17. 

It  is  known  from  reports  published  earlier  [7]  that  boron  Is  a 
useful  alloying  component  in  heat-resistant  alloys  on  the  Cr-Ni  and 
Fe-Ni-Cr  bases.  It  Is  shown  in  the  studies  of  Pridantsev  and  Lanskaya 
[8]  that  a  boron  additive  to  austenitic  steel  (14#  Cr,  18#  Ni,  2.5#  W, 
1#  Nb)  raises  not  only  grain -boundary  strength,  but  also,  to  a  consid¬ 
erable  degree,  the  strength  of  the  grains  themselves  as  well,  i.  e. , 
the  strength  of  the  solid  solution. 

According  to  Nicholson’s  data,  the  solubility  of  boron  in  iron  at 
870-1135°  is  0.0017-0.0134#  [19]. 

In  the  Fe-Ni-Cr-W -base  alloys  studied,  a  boride  eutectic  appears 
at  some  of  the  grain  Joints  after  heating  at  1200°  when  a  0.03#  B 
(calculated)  additive  is  present. 

The  quantity  of  eutectic  increases  with  increasing  boron  concen- 
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TABUS  17 


1)  Melt  No.;  2)  content  of  elements,  %}  3)  re¬ 
mainder;  k)  B  (calculated). 


Fig.  10.  Microstructure  of  type  EI787  alloys  with  0.03#  B  after  heat¬ 
ing  for  2. 5  hours  at  various  temperatures  and  cooling  in  air.  100  x. 

tration  in  the  alloy  and  as  the  hardening  temperature  is  raised  when 
the  B  content  is  constant  at  0.03#  (Pig.  10).  After  heating  to  1250°, 
the  boride-eutectic  segregations  are  found  not  only  at  the  boundaries 
and  faces  between  the  grains,  but  also  inside  them.  According  to  data 
of  spectral  and  microstructural  analyses,  we  may  assume  that  the  lim¬ 
iting  solubility  of  boron  in  an  Fe-Ni-Cr-W-Ti-Al  alloy  of  the  composi¬ 
tion  studied  is  -  0.005-0.008$  at  1150°.  At  higher  boron  contents, 
borides  and  the  boride  eutectic  form. 

Forming  a  low-melting  eutectic  in  the  alloy  composition  studied, 
boron  in  higher  concentrations  (above  0.03$  theoretical)  increases  the 
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Fig.  11.  Time  to  failure 
of  alloys  with  various 
boron  contents:  heat 
treatment:  1200°, 

2.5  hours,  air  +  800°, 

16  hours,  air.  Testing  at 
750°  and  a  *  30  kg/ram”. 

1)  Time  to  failure,  hours; 

2)  B.  *  (calculated  quan¬ 
tity). 


tendency  of  the  alloy  to  overheat  and 
is  detrimental  to  deformability  in  the 
hot  state. 

In  the  concentration  range  studied, 
boron  raises  heat  resistance,  and  more 
effectively  if  it  is  introduced  into 
the  alloy  in  quantities  less  than  0.1* 
(calculated).  Alloys  with  0. 1-0. 15*  B 
(calculated)  have  the  longest  times  to 
failure  (~  500  hours)  in  tests  at  750° 
and  0  «=  30  kg/mm  .  Small  boron  addi¬ 
tives  have  a  strong  influence  oh  the 


heat  resistance  of  the  Fe-Nl-Cr  alloy.  On  injection  of  0.015*  of  B 
(calculated),  the  time  to  failure  at  750°  and  o  *  30  kg/mm2  is 


200  hours,  while  it  is  only  50-60  hours  in  the  alloy  without  boron 
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Fig.  12.  Impact  strength  of 
alloys  as  a  function  of  boron 
content.  Heat  treatment:  1200°, 
2.5  hours,  air  +  800°,  0 

16  hours,  air.  l)  aJc,  kg -m/cm  ; 

2)  B,  *  (calculated  quantity). 


(Fig.  11). 

It  has  been  established  by 
investigation  of  the  microstruc¬ 
ture  of  the  alloys  and  impact - 
strength  tests  (Fig.  12)  that  on 
Introduction  of  boron  Into  the  al¬ 
loy  In  quantities  that  exceed  its 
solubility,  the  impact  strength 


drops  sharply  as  a  result  of  the  formation  of  borides  and  the  boride 


eutectic,  which  settle  along  the  grain  boundaries. 


Excessive  quantities  of  boride  have  a  particularly  unfavorable 
Influence  on  the  impact  strength  of  the  alloy  when  it  is  hardened  from 
high  temperatures  (1200°  and  higher). 

Figures  13  and  14  show  the  changes  in  the  Impact  strength  and  ml- 
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crostructure  of  alloys  with  0.03#  B  and  without  It  after  hardening 
from  temperatures  ranging  from  1100  to  1250°  (Pig.  13)  and  subsequent 
aging  (Fig.  14). 

In  alloys  that  do  not  contain  boron,  the  grain  enlargement  with 
increasing  hardening  temperature  Is  more  Intensive  than  In  alloys 
with  0. 03#  B.  The  boride  eutectic  that  forms  In  an  alloy  with  0.03#  B 
temperatures  of  1200°  and  higher  inhibits  grain  growth  In  the  y- 
rolld  solution  (Fig.  13).  The  quantity  of  the  eutectic  component  In 
alloys  with  boron  increases  with  increasing  hardening  temperature.  As 
a  result  of  the  increased  grain  size  with  Increasing  hardening  temper¬ 
ature,  impact  strength  falls  off  in  alloys  with  and  without  boron. 
However,  despite  the  coarse  grain  and  the  presence  of  the  boride  eu¬ 
tectic  In  the  structure,  alloys  containing  0.03#  B  (calculated)  have 
high  Impact -strength  values  after  hardening  (to  1225°).  The  Impact 
strength  of  an  alloy  with  0.03#  B  (calculated)  after  hardening  from 
1200  and  1250°  is  16-18  and  5-8  kg-m/cm2,  respectively. 

A  further  Increase  In  Impact  strength  takes  place  In  hardened  al¬ 
loys  (with  and  without  boron)  on  aging,  as  a  result  of  decay  of  the 
iiolid  solution  and  segregation  of  a  hardening  phase.  Alloys  with  0.03# 
E>  (calculated)  show  satisfactory  (Fig.  14)  Impact -strength  levels 
(above  3  kg-m/cirr)  after  hardening  from  1180°  and  subsequent  aging 
(800°,  16  hours,  air).  Hardening  from  1250°  results  In  a  considerable 

p 

drop  In  Impact  strength  (below  1  kg-m/cm  ).  The  data  obtained  for  the 
heat-resistance  and  mechanical  properties  and  the  micros tructure  Indi¬ 
cate  that  boron  Is  most  effective  on  Injection  into  the  alloy  In  cal¬ 
culated  quantities  of  0.01-0.015#.  Here,  0.005-0.008#  of  the  B  Is  as¬ 
similated  into  the  metal.  With  such  boron  contents,  the  dispersion¬ 
hardening  Fe-Ni-Cr-W-Ti-Al  alloy  deforms  satisfactorily  hot,  has  high 
heat  resistance  at  550-750°,  and  excellent  levels  of  strength,  plaa- 
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Fig.  13.  Impact  strengths  of  alloys  with  and  without  boron  as  a  func¬ 
tion  of  hardening  temperature  (holding  at  hardening  temperature  for 
2.5  hours,  air  cooling).  Melts  289  and  351  without  boron;  830  and  402 
with  theoretical  content  of  0.03%  B.  Upper  row  of  structures,  melt  402; 
lower  row,  351.  1)  a^,  kg-m/cm2;  2)  hardening  temperature,  °C. 
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Fig.  14.  Impact  strengths  of  aged  alloys  with  and  without  boron  as 
functions  of  hardening  temperature.  Heat  treatment:  hardening  from  in¬ 
dicated  temperatures,  holding  at  hardening  temperature  2.5  hours,  air 
cooling  +  aging  at  800°,  16  hours,  air.  Melts  289  and  351  without  bo¬ 
ron;  830  and  402  with  theoretical  0.03#  B.  Upper  row  of  structures, 
melt  402;  lower  row,  melt  351.  l)  a^,  kg-m/cm2;  2)  hardening  tempera¬ 
ture,  °C;  3)  per  technical  specifications  a^  >  3*0  kg-m/cm2;  4)  melt 
289. 
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tielty  and  toughness  at  room  and  elevated  temperatures. 

4.  Influence  of  Other  Elements 

We  investigated  laboratory  melts  with  15#  Cr,  35#  Ni,  3#  W,  3# 
Ti,  1#  A1  and  variable  contents  of  manganese,  silicon  and  carbon. 
Manganese 

The  influence  of  manganese  in  quantities  up  to  5#  on  the  proper¬ 
ties  of  an  alloy  containing  15#  Cr,  35#  Ni,  3#  W,  3#  Ti  and  1#  A1  was 
investigated. 


TABLE  18 
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l)  Melt  No.:  2)  content  of  elements,  #;  3)  b 
(calculated);  4)  remainder;  5)  not  determined. 


Fig.  15.  Properties  of  type  EI787  alloy  as 
functions  of  manganese  content.  Heat  treat¬ 
ment:  1180°,  4  hours,  air  +  1050°,  4  hours, 
air  +  750°,  16  hours,  air.  Long-term-  « 
strength  testing  at  7500  and  a  ■  30  kg/ram. 

All  other  properties  at  20°C.  1)  Time  to 
failure,  hours;  2)  av,  kg-m/cm2;  3) 
kg/mm2;  4)  o8,  kg/ram2. 

The  chemical  compositions  of  the  melt  metals  with  various  man¬ 
ganese  contents  are  listed  In  Table  18. 
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Below  5#*  manganese  exerts  no  Influence  on  resistance  to  deforma¬ 
tion:  Ingots  of  all  melts  deformed  satisfactorily  after  heating  to 
1120-1140°. 

The  Influence  of  manganese  on  the  properties  of  the  alloys  waa 
studied  after  heat  treatment  by  the  following  formula:  1180°,  4  hours, 
air  +  1050°,  4  hours,  air  +  750°,  16  hours,  air. 

In  the  concentration  range  Investigated,  manganese  exerts  no  in¬ 
fluence  on  the  hardness  of  the  alloys  after  heat  treatment.  Alf  alloys 
with  less  than  5#  of  manganese  have  the  same  tendency  to  dispersion 
hardening.  After  hardening,  dQtp  is  3-6-3. 9  mm,  and  after  aging  it  Is 
3- 3-3*  4  mm. 

In  the  range  studied,  manganese  has  virtually  no  influence  on  the 
room-temperature  mechanical  properties:  ultimate  strength  and  yield 
point  drop  insignificantly  as  the  manganese  content  is  raised  to  5#, 
and  the  plastic  (4,  V)  and  toughness  ( a^)  property  characteristics 
undergo  no  changes  as  the  manganese  content  is  Increased  from  1  to  5#. 
The  long-term  strength  declines  as  the  manganese  content  in  the  alloy 
is  increased  (Pig.  15) - 

The  time  to  failure  of  an  alloy  with  5#  Mn  at  750°  and  a  - 

p 

<=  30  kg/mm  is  50  hours. 

A  similar  influence  of  manganese  on  the  heat  resistance  of  alloys 
on  the  nickel -chromium  base  was  established  [10].  The  reasons  for  the 
detrimental  Influence  of  manganese  on  heat  resistance  in  the  alloys 
studied  are  not  adequately  clear. 

In  the  concentration  range  studied,  the  manganese  is  completely 
in  solid  solution  in  alloys  of  the  type  studied. 

The  solubility  of  manganese  in  the  quaternary  Fe -Cr-Ni-Mn  system 
is  40-45#  at  800°  [12]. 

Larger  alloying-element  contents  (Ti,  Al,  W,  Mo)  are  necessary  to 
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prevent  loss  of  heat  resistance  In  alloys  containing  manganese  (5-8£) 

[12]. 

This  Is  also  confirmed  by  our  data  from  a  study  of  alloys  con¬ 
taining  manganese  as  a  substitute  for  part  of  the  nickel.  Manganese 
has  an  atomic  radius  close  to  those  of  Fe^  and  nickel ,  but  Its  crystal 
lattice  Is  not  isomorphic  to  those  of  Fe^  and  nickel;  It  Is  this  cir¬ 
cumstance  that  A.M.  Borzdyka  uses  to  account  for  the  high  thermal  sta¬ 
bility  of  Cr-Mn  austenite  as  compared  with  Cr-Ni  austenite  [11]. 
Silicon 

We  studied  the  properties  of  alloys  with  0.1,  0.2,  0.  5»  0.7*  1.0, 
1.5  and  1.9  l%]  Si  (Table  19). 


TABLE  19 


l)  Melt  No.:  2)  content  of  elements,  %;  3)  B 
(calculated);  4)  traces;  5)  remainder. 


With  silicon  contents  above  1#,  deformation  of  the  alloys  Is 
rendered  more  difficult  (10-l8-kg  Ingots).  The  alloy  with  1.8%  SI 
could  not  be  forged.  As  the  silicon  content  was  raised,  the  heat  re¬ 
sistance  of  the  alloy  declined  (Fig.  16).  The  time  to  failure  of  an 
alloy  with  0.1%  Si  at  750  and  a  ■  30  kg/mm  is  kOO  hours,  while  with 
1.0%  Si  it  is  only  80  hours.  Itie  deterioration  of  forgeability  and  the 
drop  In  heat  resistance  observed  In  alloys  based  on  Fe-JIi-Cr  la  ap¬ 
parently  due  to  the  formation  of  brittle  sllicldes  as  a  result  of  the 
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Fig.  1 6.  Time  to  fail¬ 
ure  of  EI787-type  al¬ 
loys  with  variable  si¬ 
licon  contents.  Heat 
treatment :  1200° , 

2.5  hours,  air  +  800  , 
16  hours,  air.  Testing 
at  750°  and  a  - 
*  30  kg/mnr.  1)  Time 
to  failure,  hours. 
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Fig.  17.  Mechanical  prop¬ 
erties  of  EI787-type  al¬ 
loys  with  silicon  addi¬ 
tives.  A)  Ultimate 
strength,  *;  B)  ak,  kg- 
m/cm^ 


low  solubility  of  silicon  in  such  a  solid  solution.  Just  as  in  alloys 
based  on  Ni-Cr  [10].  The  short-term  strength  characteristics  (o^)  de¬ 
cline  significantly  when  the  silicon  content  in  the  alloy  is  >  0.5- 
0.7*  (Fig.  17). 

The  plasticity  and  toughness  properties  of  the  alloy  drop  off 
much  more  sharply  as  the  silicon  content  is  raised  to  1*  (Fig.  17).  At 
1*  Si,  these  characteristics  are  at  a  very  low  level  (6  =  1.7*;  t  ■ 
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-  4.5*;  a^  ■  1.0  kg-m/ca2). 
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In  heat-resistant  alloys  based  on  Fe-Ni -Cr,  as  in  alloys  based  on 
Ni-Cr,  silicon  is  a  detrimental  impurity,  and  its  content  in  the  metal 
should  be  held  to  a  minimum. 

Carbon 

We  studied  the  properties  of  laboratory  melts  with  15#  Cr,  35$G 
Ni,  3 %  W,  Ti,  1#  A1  and  carbon  additives  (Table  20). 

In  the  concentration  range  studied  (below  0.  45#),  carbon  has 
practically  no  influence  on  the  forgeability  of  the  laboratory  melts. 

In  Fe-Ni-Cr  alloys  with  intermetallide  hardening  [Ni^Ti,  Al)], 
carbon  is  detrimental  to  heat  resistance.  It  is  known  that  titanium 
forms  a  stable  carbide  TiC  with  carbon  and  that  this  carbide  does  not 
influence  hardening  of  the  alloy.  By  combining  the  titanium  into  the 
carbides,  carbon  reduces  its  content  in  the  solid  solution  and,  conse¬ 
quently,  in  the  hardening  intermetallide  phase  Ni^(Ti,  Al)  as  well. 

The  drop  in  the  useful  titanium  content  in  the  alloy  as  the  carbon 
content  rises  (above  0.05#)  results  in  a  drop  in  the  softening  temper- 


Fig.  18.  Properties  of  EI787  alloy 
as  functions  of  carbon  content:  heat 
treatment:  ll8o°,  4  hours,  air  + 

1050°,  4  hours,  air  +  750”,  16  hours,  . 
air.  Long-term-strength  testing  at 
[Key  continued  on  next  page] 
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[Key  to  Pig.  18  continued]:  750°  and  c  »  30  kg/mm2.  A)  Hardness  HB;  B) 
°b*  °8*  kS/Ji®12*  C)  a^,  kg-m/cm*;  D)  time  to  failure,  hours. 


ature  and  the  heat  resistance  (Pig.  18). 

The  times  to  failure  at  750°  and  o  ■  30  kg/mm2  are  as  follows: 
300  hours  for  the  alloy  with  0.045?  C,  85  hours  with  0. 25J?  C  and 
40  hours  with-  0. 455?  C. 

The  changes  in  hardness,  short-term  strength  and  plasticity  also 
characterize  (although  to  a  lesser  degree)  the  softening  of  the  alloy 
with  increasing  carbon  content. 

5.  Heat  Treatment 

Iron-chromium-nickel  alloys  that  contain  titanium  and  aluminum 
are  subjected  to  heat  treatment  consisting  of  hardening  and  aging  in 
view  of  the  changes  in  the  solubility  of  these  elements  with  tempera¬ 
ture. 


The  basic  purpose  of  hardening  is  to 
produce  a  grain  of  the  required  size,  en¬ 
sure  sufficiently  complete  solution  of  the 
hardening  phase  In  the  y-solid  solution, 
and  to  homogenize  the  solid  solution.  On 
cooling  In  air  from  the  single-phase  re¬ 
gion,  a  small  quantity  of  the  intermetal- 


Pig.  19.  Hardness  of 
EI787  alloy  as  a  func¬ 
tion  of  hardening 
temperature  (holding 
time  at  hardening 
temperature  2.5  hours). 
1)  Hardness  HB:  2)  af¬ 
ter  forging;  3)  harden¬ 
ing  temperature,  °C. 


lide  phase  Ni^fTi,  Al)  is  precipitated 
from  the  7-solid  solution.  Further  decay 
of  the  7-solld  solution  takes  place  during 
aging;  as  a  result,  the  alloy  is  subject 
to  maximum  hardening. 


The  hardness  and  grain  growth  of  the  alloy  (15-35  base  with  35?  W, 


3}?  Ti,  lj?  Al  and  0.035?  B)  are  indicated  in  Figs.  19  and  20  as  func¬ 
tions  of  hardening  temperature.  When  the  alloy  Is  hardened  from  1050 
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to  1200°,  a  drop  in  hardness  occurs  due  to  solution  of  the  excess 
phases  in  the  solid  solution  and  due  to  grain  growth.  Raising  the 
hardening  temperature  above  1200°  has  no  influence  on  hardness  (Pig. 
19).  Sufficiently  complete  solution  of  the  alloying  elements  and  ho¬ 
mogenization  of  the  7-solid  solution  are  achieved  with  a  holding  time 
of  2-2.5  hours  at  1200°  or  8-10  hours  at  1050°. 

Cooling  in  air  after  high -temperature  heating  contributes  to  the 
formation  of  a  fine-dispersed  two-phase  structure  in  the  alloy.  The 
alloy  acquires  rather  high  hardness  in  this  process  (250-280  HB).  The 
lattice  constant  of  the  alloy  is  3*5886  kX  after  hardening  in  air.  On 
rapid  cooling  in  air  (20°)  after  high-temperature  heating,  the  alloy 
has  a  low  hardness  (140-160  HB)  corresponding  to  the  undecayed  super¬ 
saturated  7-solid  solution.  The  largest  lattice  parameter  of  the  7- 
solid  solution  —  3.5951  kX  —  corresponds  to  this  state.  Rapid  cooling 
sets  up  severe  stresses  in  the  alloy,  with  the  result  that  cracks 
form.  The  brittleness  of  such  an  alloy  is  not  eliminated  by  subsequent 
tempering. 

Given  very  slow  cooling  from  high  temperatures  at  a  rate  of  100- 
l80°C/hour,  the  alloy  acquires  high  hardness  (302-321  HB).  In  this 
state,  the  alloy  has  the  structure  of  the  7-solid  solution  with  the 
smallest  lattice  constant  —  3*5881  kX  —  and  a  large  quantity  (12. 2f>) 
of  the  intermetallide  phase,  which  has  segregated  in  large  particles 
(Pig.  21).  The  optimum  combination  of  high  hot  strength  and  good  plas¬ 
tic  properties  in  the  alloy  can  be  obtained  after  hardening  from  1150- 
1170°  in  air  with  subsequent  aging. 

In  the  hardened  state  (cooling  in  air),  these  alloys  have  the 
polyhedral  structure  of  7-solid  solutions  (grain-size  rating  2-3)  and 
small  segregations  of  disperse  intermetallic -phase  particles  (Pig. 

21);  they  possess  minimum  hardness  and  strength  and  maximum  plastlc- 
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Pig.  20.  Grain  size  in  EI7o7  alloy  as  a  func 

tier,  cf  hardenin'  ter.rerature. 
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Pig.  21.  Microstructure  of  EI787  alloy. 
24,000  x.  Heating  at  1200°,  2.5  hours 
and  cooling  at  various  rates:  a)  in  wa¬ 
ter;  b)  in  air;  c)  with  furnace. 


The  greatest  change  in  properties  of  the  air-hardened  alloys 
takes  place  during  aging  in  the  range  from  600-900°  (Pig.  22).  Rela¬ 
tively  complete  segregation  of  the  intermetallic  phase  requires  hold 
ing  at  the  aging  temperature  for  10-12  hours. 


3 


The  maximum  hardening  of  the  alloya 
la  noted  at  aging  temperatures  between  750 
and  800°.  A  rise  in  the  aging  temperature 
to  830°  results  in  a  loss  of  hardness  and 
some  softening  of  the  alloy  as  a  result  of 
coagulation  of  the  hardening -phase  parti¬ 
cles. 


Pig.  22.  Hardness  of 
EI787  alloy  as  a  func¬ 
tion  of  aging  tempera¬ 
ture  (16  hours  at 
temperature  indicated). 
1)  Hardness  HB;  2)  af¬ 
ter  hardening;  3)  aging 
temperature,  °C. 


Here  the  characteristics  of  long-term 
and  short-term  strength  remain  satisfac¬ 
tory,  and  the  plastic  properties  rise.  Ag¬ 
ing  above  850-900°  results  in  abrupt  soft- 
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9 

mm 

+  750*.  16  ••«..  Muyi  .  .  . 

5,06 

69,28 

’7.31 

0.66 

Cm. 

0.505 

2.66 

15 

35 

3 

3.0 

2.0 

101200*.  2,5  ••««.  *o»Ayi  + 

1 

£ 

I 

mm 

[  +  800*.  16  i*e„  kuijh  .  .  . 

11.92  ( 

08.67 

15.097 

10,945 

9 

t*. 

IH 

*.6 

M 

11  ■Type  of  phase  Ni^CTl,  Al). 

1)  Content  of  elements,  #  by  weight;  2)  heat  treatment;  3)  yield  of 
deposit,  #;  4)  content  of  elements  in  deposit,  atom-#;  5)  Ni/Ti  +  Al 
ratio;  6)  carbide  phase*,#;  7)  1200°,  2.5  hours,  air  +  750°,  16  hours, 
air;  8)  1200°,  2.5  hours,  air  +  750°,  16  hours,  air;  9)  traces; 

10)  1200°,  215  hours,  air  +  800°,  16  hours,  air. 

ening  of  the  alloy  as  a  result  of  coagulation  of  the  hardening -phase 
particles  and  their  solution  in  the  y-solid  solution.  At  aging  temper¬ 
atures  above  900°,  the  process  of  particle  solution  in  the  y-solid  so¬ 
lution  predominates. 

According  to  the  data  of  phase  chemical* 'and  x-ray  structural** 
analyses  of  electrolytically  precipitated  deposits  in  the  alloys  in- 
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Fig.  23.  Microstructure  of  EI787  alloy. 

24,000  x.  Heating  at  1200°,  2.5  hours, 
cooling  at  different  rates  (a  —  in  water; 
b  —  in  air;  c  -  with  furnace)  +  aging  at 
800°,  16  hours,  air. 

vestigated,  hardening  with  air  cooling  and  aging  are  attended  by  segre- 
gation  of  a  hardening  phase  that  has  a  face -centered  cubic  lattice  and 
corresponds  to  the  interraetallic  compound  Nl^Ti,  Al).  The  basic  y- 
solld  solution  has  a  similar  lattice. 

The  metallic  deposits  precipitated  from  the  hardened  and  aged  al¬ 
loy  (Table  21)  are  heavily  enriched  with  nickel,  titanium,  and  alum¬ 
inum  and  impoverished  in  chromium,  tungsten  and  iron.  A  characteristic 
observation  is  that  with  increasing  aluminum  concentration  in  the  al¬ 
loy,  the  quantity  of  intermetallic  phase  that  separates  on  aging  in¬ 
creases;  here,  the  content  of  aluminum  in  the  deposit  rises,  while 
that  of  titanium  diminishes  (Table  21).  Replacing  titanium  atoms  in 
the  crystal  lattice  of  the  intermetallic  phase,  the  aluminum  assists 
in  raising  its  thermal  stability.  For  this  reason,  alloys  containing 
Increased  quantities  of  aluminum  (1.  7-2. 5$f)  soften  at  higher  tempera¬ 
tures.  The  deposits  separated  contain  0.2 %  of  TIC. 

The  ratio  of  nickel  to  the  sum  of  the  titanium  and  aluminum  in 
the  metallic  deposits  is  2. 6-2. 7.  If  we  take  into  account  the  contents 
of  chromium  and  iron  in  the  deposits,  this  ratio  approaches  3*  Thus, 
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the  chemical  composition  of  the  hardening  phase  corresponds  to  the 
formula  of  the  intermetallic  compound  Ni^Ti,  Al). 

Aging  (at  750-830°)  of  alloys  that  have  been  cooled  in  air  and 
water  in  hardening  results  in  intensive  decay  of  the  Y-solid  solu¬ 
tion.  The  Intermetallic -phase  particles  separated  here  are  so  dis¬ 
persed  that  they  become  visible  only  with  high  magnifications  (9000  x) 
under  the  electron  microscope  (Fig.  23).  In  the  aged  (750-500°)  state, 
an  alloy  that  has  been  cooled  in  air  from  1180°  during  hardening  has 
its  greatest  heat  resistance  at  700-750°  (time  to  failure  at  750°  and 
a  =  30  kg/mm  longer  than  100  hours)  and  high  properties  in  short-term 
testing  (at  20°C:  >  115  kg/mm2;  og  >  70  kg/mm2;  6  >  10#;  >  15#; 

ak  >  3  kg -m/cm'  ).  On  slow  cooling  at  a  rate  of  100 -180  C/hour  after 
high -temperature  heating,  the  decay  of  the  y -solid  solution  goes  al¬ 
most  to  completion.  For  this  reason,  aging  at  750-800°  doe3  not  result 
in  any  significant  separation  of  the  hardening  phase.  The  yield  of  de¬ 
posit  after  heating  at  1200°  and  furnace  cooling-  comes  to  12.2#  and 
shows  virtually  no  change  after  additional  aging  at  800°  (12. 27#).  Nor 
does  the  lattice  constant  of  the  Y-solid  solution  show  any  change 
(3.^881  kx).  Without  having  any  practical  effect  on  the  quantity  of 
phase  segregated,  aging  results  in  coarsening  of  its  particles  and 
modifies  somewhat  the  manner  in  which  they  are  distributed  in  the 
structure  (Fig.  23).  In  the  presence  of  such  a  structure,  the  alloy 
has  low  long-term  (10-20  hours  at  750°  and  30  kg/mm2)  and  short-term 
strength  and  high  plastic  properties.  Comparison  of  the  results  of 
long-term  and  short-term  strength  testing  with  the  data  of  phase 
chemical,  x-ray,  and  micros tructural  analyses  indicates  that  the  prop¬ 
erties  of  the  diapers ion -hardening  alloys  based  on  Fe-Ni-Cr  (like  the 
alloys  based  on  Nl-Cr)  depend  on  grain  size  and  the  degree  to  which 
the  y -solid  solution  is  alloyed,  the  quantity  of  hardening  phase  segre- 
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gated  (during  heat  treatment),  its  nature  (carbide,  intermetalllde) , 
the  dimensions  of  its  particles  and  the  manner  in  which  they  are  dis¬ 
tributed  in  the  structure. 


TABLE  22 


|  2  Mtiwraiuf  col  ok.  kp.  yo*  | 

hu>  ftiplfloTB* 

•*3 
a t/MM • 

3  ■ 

mj/Mm* 

».  X 

4.  % 

..3 

I.MMt 

■  P*  ?»</*  ■ 

Ml/M. 

IW,  8  Mt„  iOllyi-f 
5  +  1050*.  4  we*.  »o> 
ayi  +  750*.  16  we., 
•ouy* . 

119 

79 

12 

14.5 

260* 

;II8>J®.  6  we„  wiayx-f 
+750*,  16  we.,  touyx 

107 

76 

6.8 

10.4 

3.3 

99 

• 

•Many  of  the  specimens  did  not  fail. 

l)  Treatment  formula:  2)  mechanical  properties 
at  20°;  3)  kg/mm2;  4)  time  to  failure  (hours) 
at  750°  and  o  =  30  kg/mm2;  3)  1180°,  8  hours, 
air  +  1050°,  4  hours,  air  +  730°,  16  hours, 
air;  6)  1180°,  8  hours,  air  +  750°,  16  hours, 
air. 


TABLE  23 


(Mnf.ro*,  % 


H 

B 

an 

Cr 

a 

D 

D 

i 

!  " 

n 

.  •  . 

3*»c.) 

Cm 

IP*n.l 

1  >• 

k  3M78r>  <0.06 
3!-! 787  <0.08 
3>:812<0.06 

<0.6 

<0.6 

<0.0 

1  <0.6 
:  <0.0 
|  <0.0 

<0,010  <0.02012-16 
<0.010  <0,02012-16 
<0.010  <0.02012—16 

26-20 

33-37 

33-36 

Oct. 

» 

» 

!  2-4 
1 2-1 

i  2-4 

1 0.5-1. 2 
.  0.7— 1.4 
1. 7-2,5 

!  2.6— 3.2  <0.03 

2.6- 3. 2i  <0.03 

2.6—  3.2,  <0.03 

<0.02  I  <0.2 
<0.02  |  <0.2 
<0.02  |  <0.2 

1)  Alloy  type;  2)  content  of  elements,  %;  3)  B  (calculated);  4)  EI786. 

The  properties  of  alloys  based  on  Fe-Ni-Cr  can  be  varied  over  a 
wide  range  by  selecting  the  appropriate  heat -treatment  formulas. 

According  to  the  test  results,  the  long-term  and  short-term 
strengths  of  the  alloys  studied  increase  with  increasing  quantity  of 
the  hardening  phase  and  increasing  dispersion  of  its  particles,  while 
the  plastic  properties  drop  sharply. 

The  use  of  heat  treatment  that  results  in  coarsening  of  all  par¬ 
ticles  of  the  hardening  phase  segregated  (cooling  with  the  furnace) 
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gives  a  sharp  drop  in  heat  resistance  and  elevated  plastic  properties. 

It  was  found  possible  as  a  result  of  the  tests  carried  out  to  ob¬ 
tain  a  structure  with  segregations  of  hardening -phase  particles  having 
various  dispersions  by  applying  a  second  hardening  treatment  from 
1050°. 

The  alloy  has  such  a  structure  after  heat  treatment  by  the  for¬ 
mula: 

1.  Hardening  from  1150-1180°,  4  hours,  air. 

2.  A  2nd  hardening  from  1050°,  4  hours,  air. 

3.  Aging  at  750-8300,  16  hours,  air. 

The  presence  of  coarse  coagulated  particles  of  the  hardening 
phase  in  addition  to  fine -dispersed  particles  in  the  structure  of  the 
alloy  after  the  above  heat  treatment  enables  us  to  obtain  good  hot 
strength  at  550-750°  and  high  plastic  and  toughness  properties  (Table 
22). 

After  the  heat  treatment  indicated,  the  alloy's  structure  con¬ 
sists  of  grains  of  the  7-solid  solution,  fine  and  coarse  particles  of 
the  intermetallic  phase  Ni^Ti,  Al),  and  a  small  quantity  of  titanium 
carbides  and  nitrides. 

The  tests  resulted  in  the  formulation  of  3  new  alloys:  EI786, 

EI787  and  EI812.* 

The  chemical  compositions  of  these  alloys  are  listed  in  Table  23. 

The  nickel  content  (26-37#)  is  selected  so  as  to  ensure  a  stable 
austenitic  structure,  taking  into  account  the  high  contents  of  ferrite- 
forming  elements  (titanium,  aluminum,  tungsten,  chromium)  in  the  al¬ 
loys. 

Establishment  of  the  chromium  content  (12-16#)  is  necessary  to 
ensure  adequate  hot  strength  and,  ini  particular,  adequate  highrtemper- 
ature  corrosion  resistance  in  the  alloys. 
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The  alloys  oust  contain  minimal  amounts  of  carbon,  silicon,  man¬ 
ganese,  sulfur  and  phosphorus. 

The  austenite -class  heat-resistant  dispersion -hardening  alloys 
that  were  formulated  on  the  iron-nickel-chromlura  base  are  recommended 
for  short-term  and  long-term  service  at  the  following  temperatures  in 

The  EI786  alloy  is  cheapest, 
since  it  contains  the  smallest  quan¬ 
tity  of  nickel,  but  alloys  EI787  and 
EI812  are  more  heat-resistant.  The  al¬ 
loys  developed  can  be  used  as  mate¬ 
rials  for  gas-turbine  engine  components. 

6.  Properties  of  the  Alloys  Developed 
Alloy  EI787  (Khl5N35V3T3YuR) 

The  mechanical  properties  listed  in  Table  24  were  obtained  in 
testing  rolled  metal  from  industrial  melts  produced  by  the  "Elektro- 


°C: 

1  2  .*•  3 

Cmmm  a*  IM-tOO  uc.  lilWNw. 

U9H7M  500—753  800-700 

SH767  650-600  650-750 

3H8I2  760-650  750^600 

1)  Alloy;.  2)  less  than  100- 
200  hours;  3)  less  than 

10,000  hours;  4)  EI786. 


TABLE  24 


ib/u'|  mr  £  i 


•.  * 


♦.  * 


« 

mtm/tm* 


MB  MA 


Hoctt  oOpiOorct  o«  ptJKooy  I 


30 

1 10—1231 

71-55 

1  8.2— 2).2.9.5— 22.01  3.3-S.7  1 

600 

too — no 

62-53 

— 

12-16  —  . 

700 

92-97 

73-53 

5,0— 7,5 

9-11  I  —  | 

750 

65-69 

70-60 

4-5  | 

6-10  1  6-1  1 

• 

6 

1  9 

0  • 

I1ocot  eOpoOoToo  oo  ptxooy  II 


60 

106-124 

61-60 

11,5-22.0 

15-29 

3,6— 7,0 

600 

100-107 

69-79 

12-16 

17-26 

5-6 

^  700  . 

74-62 

71—7? 

6-15 

10-23 

5-6 

•  -  780 

»  .  “ 

00-74 

66-72 

6-10 

6-20 

5-6 

».*-*.o 


I.  First  hardening  from  1170-1180°.  4-8  hours, 
air.  Second  hardening  froral050°,  4  hours, 
air.  Aging  at  750-800°,  16  hours,  air,  II. 
First  hardening  from  1150-1160°.  10-8  hours, 
air.  Second  hardening  from  1050°,  4  hours 
holding,  air.  Aging  at  830°,  16  hours,  air. 
[Key  on  following  page] 
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[Key  to  Table  24] :  1)  Test  temperature,  °C;  2)  kg/mm2;  3)  kg-m/cm2;  4) 
hardness  HB,  <*otp#  mm;  5)  after  treatment  by  Formula  I;  6)  after 

treatment  by  Formula  II. 


TABLE  25 


I  1  T— HTP  KNT.H,  «C 

• 

• 

■M 

•M 

>W 

m 

m 

p 

T ****** 

3  npCJeJI  l^NTCXkHofl 

UpONKOCTM,  M/JMt*, 

■ 

■ 

m 

■ 

31-34 

m  100  «ae . 

^btipjxiw  c 

UIMXU 

n~0J&  mm 

^Cpeii*  ao  pajpyiue 

60 

65 

40 

30 

33-34 

BMfl,  *JCkJ . 

380 

r 

>350 

186 

>340 

>3304-327 

1)  Test  temperature,  °C;  2)  smooth  specimens; 
3)  ultimate  long-term  strength,  kg /mm2, 

100  hours;  4)  notched  specimens  with  r  ■ 

=0.5  mm;  5)  stress,  kg/mm2;  6)  time  to  fail¬ 
ure,  hours;  7)  removed. 


TABLE  26 


t  1 

HonptsrttM 

ms/MM* 

|  3  Optmm  mo  potpputaom.  otnr.  mmimm  ripu<N 

k 

^  fssjpiss 

•5  «  n«po«M  ►  —  ».f  mm) 

* 

360 

n 

100-259  6 

360  (Mi- 334  (Mi 

•OO 

to 

126—405  can 

106  >  -337  » 

300 

36 

129-393  • 

167-313  • 

300 

40 

128—250 

130-375  • 

ISO 

30 

117-282  chi 

122—309  » 

*  p 

1)  Test  temperature,  C;  2 )  stress,  kg/mm  ;  3) 
time  to  failure,  hours;  testing  of;  U )  smooth 
specimens;  5)  notched  specimens  (r  =0.5  mm); 
6;  removed. 


stal* " [Electric  Steel]  Plant  after  heat  treatment  by  the  formulas 
listed. 

The  latter  formula  (II)  was  developed  to  improve  the  plastic  and 
^ughness  properties  of  the  alloy. 
long-term  Strength 

Table  25  Hats  the  results  of  long -term-strength  tests  on  smooth 
and  notched  specimens  after  heat  treatment  by  Formula  I. 
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Table  26  presents  the  results  of  long-term-strength  tests  on 
smooth  and  notched  specimens,  as  obtained  on  forged  (diameter  90  mm) 
metal  after  heat  treatment  by  Formula  II. 

These  data  Indicate  that  the  EI787  alloy  has  high  long-term 
strength  and  Is  not  sensitive  to  stress  concentrations  at  test  temper¬ 
atures  from  550  to  800°. 


TABLE  27 


l)  Heat -treatment  formula;  2)  test  tempera¬ 
ture,  °C;  3)  Sq  2/100  wlth  resPect  to  tQtal 
deformation;  4)  oQ  2/ioo  wlth  respect  to  re¬ 
sidual  deformation;  5)  c^  on  10^-cycle  base. 

The  creep  and  fatigue  characteristics  of  EI787  alloy  after  the 
heat  treatments  are  listed  In  Table  27* 

The  physical  properties  of  this  alloy  are  as  follows: 

Specific  gravity  8.04  g/cm^. 

2 

Modulus  of  elasticity  E,  kg/mm  ,  at  various  temperatures: 

ilWtmu.  *c  2#.  mi* u*  1  ftiwHm  *e  2  *.  m/m* 


90  '• 

•  >1880 

500 

.  15500  . 

■  100  .•••. 

■  mono  ■  • 

500 

17300  ' 

'  »0 

10350 

22? 

15500 

.  .  .  *»  . 

19900 

.  750 

-  1550$ 

I92S0 

500  . 

15150 

1)  Temperature,  °C;  2)  E,  kg/mm2. 

Coefficient  of  linear  expansion  o*  10^  in  the  temperature  ranges, 
°C: 
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90—100 

10.0 

*  9ft  ftftft 

10.1 

SO- 900 

14,06 

»-700 

•10.* 

30-910 

17.4* 

90—800 

16,7 

•  S'— 400 
,90—600 

17,43 

*».o 

90-000 

90.60 

Thermal  conductivity  X,  kal/cm-sec -degree: 


TwflTTH.  *C 

1 

llkmtnjvi,  *C 

a 

*0 

0.030 

800 

0.084 

too 

0.037 

600 

0.050 

.  900 

0.043 

700 

0.063 

300 

•400  .. 

0,046 

0.050 

800 

0  066 

1)  temperature,  °C. 

Alloy  EI786  (Khl5N26V3T3YuR) 

Table  28  presents  properties  obtained  in  tests  of  specimens  taken 
from  forged  rods  15-20  mm  in  diameter  after  heat  treatment  by  the  for¬ 
mula:  1200°,  2.5  hours,  air  +  750°,  16  hours,  air  (Table  28). 


TABLE  28 


lTnmfHni 
•cawTMM.  X 

- 2 - 

•|4  m/m* 

•.  * 

4.  % 

V*.w«- 

90 

100—120 

70-80 

10-18 

10-33 

3.0— 5,8 

700 

83-88 

70-78 

3.5-6 

4-7 

750 

70-60 

68-73 

4-8 

6-13 

3.3 — 5.4 

p  p 

1)  Test  temperature,  C;  2)  kg/mm  ;  3)  kg/mm  ; 
4)  kg-m/cm2. 


Hardness  after  heat  treatment:  dotp  *  3»^-3»6  mm;  grain-size  rat¬ 
ing  3-2. 

Time  to  failure  at  750°  and  c  «  30  kg/mm2  is  86-320  hours. 
Ultimate  long-term  strengths  of  alloy  at  750°  is  23-32  kg/mm2  for 
100  hours. 

Fatigue  limit  at  750°  on  10^-cycle  base  is  30-31  kg/mm2. 

p 

Elastic  modulus  E,  kg/mm  ,  at  various  temperatures: 


1  Twigip 

2*. 

ITiMMMrni  2*«  •w** 

r 

* 

*0. 

31500 

500 

17*50 

i 

too 

30350 

600 

17100 

900 

.  90000 

700 

16300  ’ 

-•  900 

19400 

750 

16100 

- 

400 

.  18600 

1)  Temperature ,  °C;  2)  E,  kg/mm2. 
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Specific  gravity  8.02  g/cnA 
Coefficient  of  linear  expansion  o« 10^ 


Wirnf.M  it. 

*e 

•  •  !•* 

TOt- 

x  ■•*•»»» 

•  ir 

ao — too 

U.J7 

20—500 

16.27 

10— 200 

14.78 

20-700 

ts.so 

JO— 300 

15.24 

.  20—800 

17, JO 

20—400 

15.70 

20—900 

19,2 

y  goo 

.  IS. IS 

1)  Temperature  range,  °C. 


Alloy  El8l2  (Khl5N35V3T3Yu2R)  * 

Alloys  of  this  type  with  high  aluminum  contents  (up  to  2. 5j0  have 
high  long-term-strength  values.  The  properties  listed  in  Table  29  were 
determined  on  forged  metal  15-20  mm  in  diameter  after  heat  treatment 


TABUS  29 


.  T..—r«trp. 
■run.xna,  *C 

p 

•l.w/w* 

».  % 

L 

msm/t* 

30 

103.0 

67.2 

8.0 

97 

2.0 

20 

1(6.8 

65.5 

>  8.6 

10.0 

2.0 

20 

99.5 

63.1 

10,0 

11.7 

2.23 

SO 

9S.S 

62,6 

9.2 

11.7 

2.13 

O  O  p 

1)  Temperature,  C;  2)  kg/mm  ;  3)  kg/ram  j  4) 
kg-ra/cm2. 


by  the  formula:  1200°,  2  hours,  air  +  1050°,  4  hours,  air  +  800°, 

16  hours,  air. 

Coefficient  of  linear  expansion  a* 10^  in  the  temperature  ranges: 


wit- 

Hmpiu  n» 

"C 

•  ir 

20-100 

11,78  - 

30-600 

15.12 

20-200 

13,00 

20-700 

IS.SO 

20-300 

14,00 

20-600 

15,83 

JO— 400 

14,49 

30-900 

17,47 

20-500 

14.94 

20-1000 

IS.  IS 

1)  Temperature  range. 

°c. 

Specific  gravity,  7.98  g/cm^. 
Ultimate  long-term  strength,  kg/mm^: 


-  47  - 


,  Anp«  too* 

2|d0  IK. 


Jno  ue.  .  .  .  34—97 
300  ue  .  .  .  33-30 
Ilpi  750* 

ICO  we.  .  .  .  30-30 


1)  At  800°;  2)  100  hours. 

The  times  to  failure  of  alloy  EI812  at  800°  are  listed  In  Table 


30. 

Of  the  three  alloys  Investigated,  El8l2  has  the  highest  heat  re- 
*stance;  It  Is  followed  by  EI787  and  EI786. 

Alloy  EI812  may  be  used  at  8OO-85O0,  and  alloys  EI787  and  EI786 
at  550-750°. 

Alloy  EI787  has  the  highest  short-term  strength. 

The  alloys  developed  are  recommended  for  fabrication  of  gas-tur¬ 
bine  engine  components. 

Conclusions 

1.  High  heat  resistance  may  be  obtained  In  Fe-Ni-Cr  alloys  on  15- 
25  and  15-35  bases  by  composite  alloying: 


TABLE  30 


1  Tmhiwmi  «6;*6otm 

to  pis* 

c  ■>"»  J  pymrx.s 

w.-ui. 

*.  % 

♦.  % 

1200*.  2.5  uei,  lei'.yi 

100*.  16  y*..  Muyi 

30 

68-10 
W— 30 
68-40 
63-05 
66-50 

l 

1.6 

«.t 

5 i 

2.0 

1300*.  2  wi,  KMjri 

1050*,  4  mci,  msa  ys 

300*,  16  mc.,  MSAyi 

30 

120-35 

145-45 

213-00 

167-30 

1 

6.3 

5,» 

6.4 

10.4 

•“J.  *i5  '**.  *«»ay« 

100*,  It  mc,  KiAyi 

'  35 

158-00 

n 

3,t 

1300*,  2  MO,  MSAyi 

300*.  It  wc.,  rnyyi 

1 

. 

226-50 

393-15 

133-30 

2.4 

3.6 

2.0 

t.t 

l)  Heat  treatment;  2)  stress,  kg/mm2;  3)  time 
to  failure,  hours -minutes;  4)  hours;  5)  air. 
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a.  elements  that  dissolve  in  relatively  large  quantities  (up  to 
W;  to  6#  Mo;  6-10#  Mo  +  Wj  to  2. 0j£  Nb),  which  retards  diffusion  of 

titanium  and  aluminum  Into  the  7-solid  solution  and  thereby  Inhibits 
softening  of  the  alloy. 

b.  elements  with  limited  solubility  (2. 6-3. 2%  Ti;  1-2. 8£  Al), 
which  form  a  hardening  lntermetallic  phase  Ni^Ti,  Al)  with  nickel. 

c.  boron  in  quantities  that  do  not  exceed  Its  solubility  in  the 
Fe-Ni-Cr  solid  solution  (0. 005-0. 00750  and  contribute  to  Increased 
heat -resistance  and  plastic  properties. 

2.  Heat-resistant  alloys  were  formulated  on  the  15-25  (EI786)  and 
15-35  (EI787  and  El8l2)  bases. 

A 

The  long -term-strength  limits  in  kg/ram  of  the  alloys  for 

100  hours  at  750°  are  as  follows: 

■,9117*  ....  » 

a9H787  ....  »-3« 

9H812  ....  36—31 

1)  EI786. 

3.  The  dispersion-hardening  alloys  EI786,  EI787  and  EI812  harden 
on  heat  treatment  due  to  segregation  of  an  lntermetallic  phase  from 
the  7-solid  solution;  this  phase  has  a  face-centered  cubic  lattice 
(similar  to  that  of  the  7-solld  solution)  and  corresponds  to  the  chem¬ 
ical  composition  Ni^Ti#  Al). 

The  properties  of  the  above  heat-resistant  alloys  depend  on  the 
grain  size  of  the  7-solld  solution,  the  quantity  of  the  Ni^Ti,  Al) 
lntermetallic  phase  that  segregates  on  heat  treatment,  the  size  of  its 
particles,  and  the  manner  in  which  they  are  distributed  in  the  struc¬ 
ture. 

4.  The  type  EI786,  EI787  and  EI812  alloys  have  been  adapted  to 
metallurgical  production,  and  their  combined  heat -resistance,  mechani¬ 
cal  and  plastic  properties  satisfy  the  specifications  set  forth  for 
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materials  to  operate  at  high  temperatures  under  stress 
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[Footnotes] 


19  Performed  by  R.  Ye.  Grabarovskaya. 

38  *Performed  by  R. Ye.  Grabarovskaya. 
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38  **Performed  by  R.M.  Rozenblyum  and  S.  B.  Maslenkov. 

42  The  alloys  were  developed  in  collaboration  with  the  "Elek- 

trostal'"  plant  and  the  VIAM  [All-Union  Scientific -Research 
Institute  for  Aviation  Materials]. 
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